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ABSTRACT 

I use photometry and spectroscopy data for 24 Type II plateau supernovae to 
examine their observed and physical properties. This dataset shows that these 
objects encompass a wide range of ~5 mag in their plateau luminosities, their ex- 
pansion velocities vary by x5, and the nickel masses produced in these explosions 
go from 0.0016 to 0.26 Mq. From a subset of 16 objects I find that the explosion 
energies vary between 0.6 x and 5.5x10^^ ergs, the ejected masses encompass the 
range 14-56 Mq, and the progenitors' radii go from 80 to 600 Rq. Despite this 
great diversity several regularities emerge, which reveal that there is a contin- 
uum in the properties of these objects from the faint, low-energy, nickel-poor 
SNe 1997D and 1999br, to the bright, high-energy, nickel-rich SN 1992am. This 
study provides evidence that more massive progenitors produce more energetic 
explosions, thus suggesting that the outcome of the core collapse is somewhat 
determined by the envelope mass. I find also that supernovae with greater en- 
ergies produce more nickel. Similar relationships appear to hold for Type Ib/c 
supernovae, which suggests that both Type II and Type Ib/c supernovae share 
the same core physics. When the whole sample of core collapse objects is consid- 
ered, there is a continous distribution of energies below 8x10^^ ergs. Far above 
in energy scale and nickel production lies the extreme hypernova 1998bw, the 
only supernova firmly associated to a GRB. 

Subject headings: nucleosynthesis — supernovae : general 



1. INTRODUCTION 

The advent of new telescopes and better detectors is causing a rapid increase in the 
quality and quantity of observations obtained for supernovae (SNe, hereafter) of all types. 
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Although the field of Type la SNe (exploding white dwarfs) has developed considerably faster 
in recent years (due to the widely acknowledged importance of such objects as cosmological 
probes), there is a growing body of data for core collapse SNe. In this paper I collect all of 
the available data on hydrogen-rich plateau Type II SNe (those undergoing little interaction 
with the circumstellar medium, SNe II-P hereafter), with the purpose to better understand 
the nature of such objects. 

I start in section 2 by summarizing the observational material available on 24 SNe II-P, 
after which (Sec. 3) I proceed to examine their great diversity and the correlations among 
the observed parameters. Using the hydrodynamic models of Litvinova & Nadczhin (1983, 
1985, hereafter LN83, LN85) I go a step further and derive physical parameters (explosion 
energies, progenitor masses and radn) for 13 SNe II-P (Sec. 4). Although the statistics 
are still poor, this study shows that progenitors with greater masses produce more energetic 
explosions and synthesize more nickel. These correlations provide valuable clues and a better 
insight on the explosion mechanisms. In section 5 I combine the physical parameters of the 
SNe II-P with those previously published for SNe Ib/c. It appears that all core collapse 
SNe display the same correlations, which suggests that all of these objects share the same 
core physics. I discuss the properties of all core collapse SNe and how hypernovae fit in this 
group. 



2. OBSERVATIONAL MATERIAL 

Table 1 lists the 24 SNe II-P for which I have photometric and spectroscopic data. For 
each SN this table includes the heliocentric redshift (from the NASA/IPAC Extragalactic 
Database or my own measurement), reddening due to our own Galaxy (Schlegel, Finkbeiner, 
& Davis 1998), host galaxy extinction, the distance, and the method used to derive the 
distance. 

In two cases I use Cepheid distances in the scale published by Ferrarese et al. (2000, 
FOO). For five objects it is possible to assign the SN host galaxy to a galaxy group with 
surface brightness fiuctuation (SBF) distances (Tonry et al. 2001) in the FOO Cepheid scale 
(adopting an uncertainty of 1 Mpc to account for cluster depth). For the 9 SNe which are 
not sufficiently far in the Hubble fiow (c2;<3000 km s~^) and do not have SBF or Cepheid 
distances, it proves necessary to correct their observed redshifts in order to account for 
peculiar motions of their host galaxies. For this purpose I adopt the parametric model for 
peculiar fiows of Tonry et al. (2000) which includes infall into Virgo and the Great Attractors, 
an overall dipole, and a cosmic thermal velocity dispersion of 187 km s^^. Given the observed 
Cosmic Microwave Background (CMB) redshift the model yields a SBF distance in the FOO 
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scale. For the 8 most distant objects with CMB redshifts greater than 3000 km s~^ I use 
their redshifts to compute the distances and an associated velocity dispersion of 187 km s~^. 
To be consistent with the method employed for the nearby SNe, I adopt the best value for 
the Hubble constant in the FOG scale, namely, ifo=68±2 from SNe la (Gibson ct al. 2000). 
Note however that the SBF distances in the FOO scale yield i/o=77±4 (Tonry ct al. 2000), 
which suggests that the SBF and SN la distances could be systematically different (for a 
different view see Ajhar et al. (2001), who claim that the SBF and SNe la distances agree 
very well) . For now I prefer to adopt H0—6S since this value is determined from SNe la well 
in the quiet Hubble flow (unlike the value derived from SBF). Certainly, it would be more 
convenient to use the new Cepheid scale reported by the Hubble Space Telescope (HST) 
Key Project (Freedman et al. 2001) instead of the FOO scale since the new scale reconciles 
the SBF and SNe la methods, but it will necessary to wait until the parametric model for 
peculiar flows of Tonry et al. (2000) is updated. 

The estimate of the amount of foreground visual extinction is under good control 
((T=0.06 mag) thanks to the IR dust maps of Schlegel, Finkbeiner, & Davis (1998). The 
determination of absorption in the host galaxy, on the other hand, is more challenging. 
Since SNe II occur near HII regions, this is potentially a significant problem. To zero or- 
der SNe II-P should all reach the same temperature of hydrogen recombination during the 
plateau phase, so a measurement of the color should give directly the color excess due to 
dust absorption. Unfortunately, significant variations between 6,000-12,000 K are expected 
for the photosphere depending on the H/He abundance ratio (Arnett 1996) which limits 
the precision of the method to estimate color excesses. Keeping this caveat in mind, I pro- 
ceed to use the observed colors to estimate AhostiV) assuming that all SNe reach the same 
color at the end of the plateau. For this purpose I adopt the well-studied SN 1999em as 
the reference for the intrinsic color, and the A/iost(^)=0.18 value derived by Baron et al. 
(2000) from detailed theoretical modeling of the spectra of SN 1999em. As Table 1 shows 
it, for 22 SNe it is possible to use their B — V colors to derive extinction. A concerning 
problem with the B — V method is that it yields negative reddenings for 10 SNe. This is 
particularly pronounced among the historical SNe, reaching Afiost{V)— -1.2 for SN 1970G. It 
is possible that part of the problem is due to inadequate transformations of the photographic 
magnitudes into the standard Johnson system, or to background contamination by the host 
galaxy. However, even SN 1999cr (with modern CCD photometry) yields a negative value of 
Ahost{V) =-0.7 5, which is well beyond the photometric errors. Perhaps this could be due to 
metallicity effects which are expected to be stronger in the B band where line blanketing is 
stronger. For 17 SNe I use their V — I colors to derive an independent reddening estimate. 
This method is much well behaved: only SN 1992af yields a modest negative reddening of 
Ahost{V)=-0.2. Ideally it would be more convenient to use the V — I extinction values - 
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which are expected to be less sensitive to metallicity effects - but, since I do not have VI 
photometry for all SNe, in what follows I simply use the average of the B — V and V — I 
extinction values or the single-color value when only one color is available. 1 can estimate the 
uncertainties in AhostiV) by comparing the difference in reddening yielded by both methods. 
Such differences amount to 0.46 mag on average, which implies a minimum error of 0.23 mag 
in the reddening estimate from an individual color. To be conservative I assume ±0.3 mag 
in AhostiV) for all SNe. 

3. OBSERVED PARAMETERS FOR TYPE II SUPERNOVAE 

Table 2 summarizes some observables that can be measured for the 24 SNe II including: 
the time of explosion [to) which comes from a Baade-Wcssclink analysis and/or considera- 
tions about the discovery and pre-discovery image epochs; the observed V magnitude near 
the middle of the plateau (V50); the corresponding absolute V magnitude corrected for ex- 
tinction (MYq); the SN ejecta velocity near the middle of the plateau (v^q) measured from 
the minimum of the Fe II A5169 hne (corrected for host galaxy redshift) with an adopted 
uncertainty of 300 km s~^ for all SNe; the fiducial time (^50) at which I measure V50 and V50 
(arbitrarily chosen to be 50 rest-frame days after explosion) ; the characteristic V magnitude 
of the exponential tail (Vt); the time (tf) at which I measure Vf, the nickel mass (Mj^n) 
produced in the explosion; and the specific data sources of photometry and spectroscopy. 

Figure 1 shows a comparison between the SN plateau luminosities and their expansion 
velocities. The correlation between and U50 is quite evident and proves similar to that 
previously reported by Hamuy & Pinto (2002) from a smaller sample of SNe II. This result 
reflects the fact that, while the explosion energy increases so do the kinetic and internal 
energies. This correlation implies that the SN luminosities can be standardized to a level of 
~0.3 mag from a spectroscopic measurement of the SN ejecta velocity. This method (named 
Standardized Candle Method, or SCM for short) suggests that SNe II-P have a potential 
utility as cosmological probes. A comparison of this empirical correlation to the 27 models 
of LN83 and LN85 can be seen in the top panel of Figure 2. Although there is reasonable 
agreement between observations and theory, the models (represented with crosses) show 
substantially greater scatter than the observed quantities. It must be pointed out, however, 
that several of the LN83 and LN85 calculations are for progenitors with less than 4 Mq, 
which seems unrcalistically low (see section 4). When the sample of models is restricted to a 
more realistic subset of progenitor masses (> 8 Mq) the agreement is significantly better, as 
can be appreciated in the bottom panel of Figure 2. It is clear that the luminosity- velocity 
relation is also present in the theoretical calculations, although it seems that nature produces 
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a narrower correlation. 

The nickel masses {M^i) listed in Table 2 are derived from the brightness of the SN 
exponential tails, assuming that all of the 7 rays due to ^^Co ^^Fe are fully thermahzed 
(^^Co is the daughter of ^^Ni, which has a half life of only 6.1 days). This is a reasonable 
assumption given that most, if not all, SNe II-P have late-time decline rates consistent with 
^^Co — > ^^Fe. The first step in this calculation is the conversion of Vt into a bolometric 
luminosity which can be accomplished with the following formula, 

^^^^^^^ ^ -[Vt - Agal{V) - Ak,,t{V) + BC] + 5log,oD -8.14 

where is the tail luminosity (ergs s~^), D is the distance in cm, BC is a bolometric 
correction that permits one to transform V magnitudes into bolometric magnitudes, and 
the additive constant provides the conversion from Vega magnitudes into cgs units. From 
SN 1987A and SN 1999em I found that i?C=0.26±0.06 during the nebular phase (Hamuy 
2001). Once the tail luminosity is computed the nickel mass can be found via, 

M^, = 7.866 X 10-^^ X L, x exp | i^t - to)ni^+^z) - 6.1 1 

where 6.1 is the half-life (in days) of ^^Ni and 111.26 is the e- folding time (in days) of 
the ^^Co decay, each of which releases 3.57 MeV in the form of 7 rays (Woosley, Pinto, & 
Hartmann 1989). The nickel masses resulting from this method are given in Table 2 for 20 
SNe, along with values independently derived for SN 1987A and SN 1997D by Arnett (1996) 
and Zampieri et al. (2002), respectively. The nickel masses of this sample show a remarkably 
wide range: while SN 1999br yielded only 0.0016 Mq, SN 1992am produced 0.26 Mq of ^^Ni 
(in good agreement with the 0.3 Mq value previously reported by Schmidt et al. (1994b)). 
This result is clearly inconsistent with previous claims that SNe II-P produce nearly the 
same amount of nickel (Hamuy & Suntzeff 1990; Patat et al. 1994), but in good agreement 
with more recent studies (Turatto et al. 1998; SoUerman 2002). Next I proceed to examine 
how Mjvi is related to the other observables. 

In numerical simulations the shock wave generated by the collapse of the core propa- 
gates through the star's envelope, heating the material and triggering nuclear processing in 
the layers above the core where the temperatures are sufficiently high. Since the internal 
temperature is determined by the progenitor's radius (Ro) and the explosion energy (E) by 
the relation 



the degree of nucleosynthesis is expected to be relatively greater for SNe with smaller pro- 
genitors and greater energies (Weaver & Woosley 1980), at least to zero order. In reality the 
physics is more complex, and the amount of observed nickel depends also on how much of 
the material located at the bottom of the envelope falls back to the newborn neutron star (or 
black hole). Theory as yet provides no physical constraints to this process and the amount of 
infalling material is freely adjusted via a "mass-cut" parameter. Since models currently offer 
no predictions on how the explosion parameters affect the degree of nucleosynthesis in core 
collapse SNe, observations can play an important role to placing constraints on the explosion 
mechanisms. This issue can be examined by comparing how the nickel mass produced in 
the explosion is related to the SN plateau properties (velocity and luminosity) which are 
determined by the explosion parameters (Arnett 1996; Popov 1993, LN83, LN85). Among 
the objects of the sample, SN 1992am is the one with the greatest nickel yield (0.26 Mq) 
and the brightest plateau (M^=-18.57). On the other end, SN 1999br is characterized by 
a dim plateau (M^=-13.32) and a small Ni production of only 0.0016 Mq. This pair of 
objects suggests that the plateau luminosity is correlated with the nickel mass. To examine 
this issue. Figure 3 shows versus Mjvj. There is clear evidence that SNe with brighter 
plateaus produce more nickel. Since the plateau luminosities and velocities are tightly cor- 
related (Fig. 1), it is expected that v^o is correlated with Mni- This is the case, indeed, as 
can be seen in Figure 4, where SN 1992am and SN 1999br again appear as extreme objects. 
Since the kinetic energy comprises 90% of the explosion energy of SNe II (Arnett 1996), this 
result suggests that SNe with greater explosion energies undergo more nuclear burning. It 
must be kept in kind, however, that not all SNe II-P necessarily eject the same mass, so it 
is possible that their expansion velocities do not provide a direct measure of their kinetic 
energies. In the next section I examine this point in more detail. 



4. PHYSICAL PARAMETERS FOR TYPE II SUPERNOVAE 

In an elegant paper Arnett (1980) derived analytic solutions for lightcurvcs of SNe II-P 
with the purpose to derive physical parameters for such objects. Using more realistic hydro- 
dynamic models LN83 and LN85 derived approximate relations that connect the explosion 
energy {E), the mass of the envelope (M), and the progenitor radius (i?o) to three observable 
quantities, namely, the duration of the plateau, the absolute V magnitude, and the photo- 
spheric velocity observed in the middle of the plateau. These equations provide a simple and 
quick method to derive E, M, and Rq from observations of SNe II-P without having to craft 
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specific models for each SN. A generalized analytic solution was subsequently worked out by 

Popov (1993), which proved in good agreement with the theoretical relations of Litvinova & 
Nadezhin (1985). So far these methods have been only applied to the one object (SN 1969L) 
which had sufficient observations for this analysis. In this section I revisit this issue based 
on a larger sample of SNe II-P, with the purpose to better understand the nature of such 
objects. 

Of all the SNe 11-P listed in Table 2 only 13 have sufficient data to apply the method of 
LN85. In the top section of Table 3 1 list such objects and the observed quantities required for 
the LN85 analysis, in the following order: the time of explosion (to); the end of the plateau 
phase (tp) defined as the time when the SN magnitude is near the mid-point between the 
plateau magnitude and that of the onset of the nebular phase; the plateau visual magnitude 
(Vp) measured a,t t — {to + tp)/2 (the middle of the plateau); and the SN ejecta velocity at 
the middle of the plateau (vp) measured from the minimum of the Fe II A5169 line ^. Figure 
5 shows the extinction-corrected absolute y-band lightcurves for the 13 SNe II-P and the 
end of the plateau phase for each SN. 

With these data and the formulas given by LN85 I can solve now for E, M, and Rq. I 
attach 1-a uncertainties to each of the parameters from Monte Carlo simulations in which I 
randomly vary the observed quantities according to the observational errors. The resulting 
parameters are summarized in Table 3. Also included in Table 3 is SN 1987A which was 
modeled in detail by Arnett (1996). Although SN 1987A showed an atypical lightcurvc due 
to the compact nature of its blue supcrgiant progenitor, it was not fundamentally different 
than ordinary SNe II-P in the sense that it had a hydrogen-rich envelope at the time of 
explosion. For this reason I include it in this analysis. Also given in Table 3 are SN 1997D 
and SN 1999br, two low-luminosity SNe II-P recently modeled by Zampieri et al. (2002). To 
my knowledge these are the only 16 SNe with available physical parameters. 

Among this sample, 9 SNe have explosion energies close to the canonical 1 foe value (1 
foe=10^^ ergs), 6 objects exceed 2 foes, and one has only 0.6 foes. SN 1992am and SN 1999br 
show the highest and lowest energies with 5.5 and 0.6 foes, respectively. This reveals that 
SNe II encompass a wide range in explosion energies. The ejected masses vary between 14 
and 56 M^. Although the uncertainties are large it is interesting to note that, while stars 
born with more than 8 Mq can in principle undergo core collapse, they do not show up 
as SNe II-P. Perhaps they undergo significant mass loss before explosion and are observed 
as SNe Il-n or SNe Ib/c. It proves interesting also that stars as massive as 50 Mq seem 
able to retain a significant fraction of their H envelope and explode as SNe II. Objects with 



^Note that Vp and Vp are close but not identical to the parameters V50 and v^o used in the section 3. 
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M>35 Mq are supposed to lose their H envelope due to strong winds, and become Wolf- 
Rayet stars before exploding (Woosley, Langer, & Weaver 1993). This result suggests that 
stellar winds in massive stars arc not so strong as previously thought, perhaps due to smaller 
mctallicitics. Except for four objects, the initial radii vary between 114 and 586 Rq. Within 
the error bars these values correspond to those measured for K and M red supergiants (van 
Belle et al. 1999), which lends support to the generally accepted view that the progenitors 
of SNe II-P have extended atmospheres at the time of explosion (Arnett 1996). Three of 
the SNe II-P of this sample, however, have it!o~80 Rq which corresponds to that of G 
supergiants. This is somewhat odd because such objects are not supposed to have plateau 
lightcurves but, instead, one hke that of SN 1987A. Note, however, that the uncertainties 
are quite large and it is possible that these objects did explode as red supergiants. 

Figure 6 shows M and Mjvj as a function of E for the 16 SNe II-P. Despite the large 
error bars, this figure reveals that a couple of correlations emerge from this analysis. The 
first interesting result (top panel) is that the explosion energy appears to be correlated with 
the envelope mass, in the sense that more massive progenitors produce higher energy SNe. 
This suggests that the outcome of the core collapse is somehow determined by the mass of 
the envelope. The second remarkable result (bottom panel) is that SNe with greater energies 
produce more nickel (a result already anticipated in section 3, and previously suggested by 
Blanton et al. (1995)). This could mean that greater temperatures and more nuclear burning 
are reached in such SNe, and/or that less mass falls back onto the neutron star/black hole 
in more energetic explosions. 

Before leaving this section it is necessary to mention some caveats about these results: 

• The LN85 formulas were obtained from models with progenitor masses and explosion 
energies below 2.9 Mq and 16 foes, respectively. Clearly some of the SNe 11-P in Table 3 
lie outside the parameter space explored by LN85 and my results involve extrapolating their 
formulas. It will be necessary to expand the models to greater masses and energies before 
we can truly believe that SNe II-P have energies above 3 foes, progenitors with M~50 M©, 
and the correlations shown above. 

• LN85 assumed that the plateau luminosity is fully powered by shock-deposited energy and 
they neglected a contribution by the ^^Co decay. It will be interesting to generalize the 
models in order to find out how the radioactive heating and the distribution of ^^Co affect 
the results presented here. 

• In the LN85 models the plateau phase is preceded by a brief transient which lasts a few 
days, and the length of the plateau is measured from the time at which this short phase 
ends. The data for the 13 SNe do not show such transient, most hkely because it is too 
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short, so I am forced to use the time of explosion for the beginning of the plateau. This 
should lead to an overestimate (~2%) of its length and a small bias in the derived physical 
parameters. Given the difficulty to measure the transient it would be desirable to re-derive 
the LN85 calibrations using a more operational definition of the onset of the plateau such as 
the explosion time. 

• The LN85 formulas use the velocity of the photosphere (t=2/3) as one of the input 
parameters. In my case I measure velocities from the minimum of the Fe 11 A5169 line which 
is expected to arise just above the thcrmalization surface (the region where the radiation 
field forms). Since SNe 11 have electron scattering dominated atmospheres, the radiation 
field thermalizes well below the photosphere (Eastman, Schmidt, & Kirshner 1996) so that 
Fe II A5169 should underestimate the photospheric velocity. In my thesis (Hamuy 2001) I 
examined this by measuring true photospheric velocities by cross-correlating (CC) the SN 
spectra with the Eastman et al. models. This study showed systematic differences between 
the Fe and CC velocities for individual objects but, curiously, no significant difference for 
the ensemble of SNe. This suggests that on average the Fe method is a good estimator of 
the photospheric velocity, although it may not work so well on an individual basis. 

• To transform bolometric luminosities into V magnitudes LN65 employed bolometric cor- 
rections assuming that SNe II have blackbody spectra. SNe II are not perfect blackbodics, of 
course. Using the theoretical spectra of Eastman et al. I find that the bolometric corrections 
derived from Planck functions are ~0.2 mag too large for Te/j>6500 K, about right (±0.1 
mag) between 5000<Tejj<6500 K, and systematically low for Tejj<5000 K. It would be 
convenient that the LN65 formulas were re-derived with improved corrections. 



5. PROPERTIES OF CORE COLLAPSE SUPERNOVAE 

Core collapse SNe can also be hosted by massive stars which have lost most or all of their 
hydrogen-rich envelopes (SNe lb), and even most or all of their helium envelopes (SNe Ic). 
It proves interesting therefore to compare the physical properties of such objects with those 
derived from SNe II-P. A bibliographic search reveals that there are only a handful well- 
studied SNe Ib/c. Table 4 fists such objects and the corresponding references from which 
their physical parameters were obtained. 

In general, SNe Ib/c have bell-shaped lightcurves with a rise time of ~15-20 days, 
a fast-decline phase of ~30 days, and a slower decline phase at a rate between 0.01-0.03 
mag day"-*^. Unlike SNe II-P the lightcurves of SNe Ib/c are promptly powered by ^^Ni 
— > ^^Co ^^Fe. While the peak is determined by the amount of nickel synthesized in 
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the explosion, the width depends on the abihty of the photons to diffuse out from the SN 
interior, which is determined by the envelope mass and expansion velocity. The early-time 
lightcurvc, therefore, provides useful constraints on the ^^Ni mass, envelope mass, and kinetic 
energy (Arnctt 1996). Additional constraints on the kinetic energy come from the Doppler 
broadening of the spectral lines. The late-time decline rate reveals that a fraction of the 
7-rays from the radioactive decay escape from the SN ejecta without being thermalized and, 
therefore, can be used to quantify the degree of ^^Ni mixing in the SN interior. Nomoto 
and collaborators have modeled SNe lb as hehum stars that lose their hydrogen envelopes 
by mass transfer to a binary companion, and SNe Ic as C/0 bare cores that lose their He 
envelope in a second stage of mass transfer. In both cases they assume spherically symmetric 
explosions. Table 4 summarizes the parameters derived from such models for the 7 SNe Ib/c. 

Figure 7 shows envelope masses and nickel masses as a function of explosion energy for 
the seven SNe Ib/c along with the 16 SNe II shown in Figure 6. The top panel reveals that 
SNe Ib/c appear to follow the same pattern shown by SNe II, namely, that SNe with greater 
envelope masses produce more energetic explosions. The main difference between both sub- 
types, of course, is the vertical offset caused by the strong mass loss suffered by SNe Ib/c 
prior to explosion. From the bottom panel it is possible to appreciate that SN 1998bw was 
quite remarkable in explosion energy (60 foes) and nickel mass (0.5 Mq) compared to all 
of the other core collapse SNe. Owing to its extreme energy this object has been called 
hypernova. SN 1998bw is also remarkable because it was discovered at nearly the same place 
and time as GRB 980425 (Galama et al. 1998). The Type Ic SN 1997ef and SN 2002ap are 
located far below SN 1998bw in the energy scale (8 and 7 foes, respectively), yet far above 
the normal SN 19941. Despite their greater than normal energies, neither of these objects 
produced unusually higher nickel masses compared to lower energy SNe Ib/c. Although 
the statistics are poor, it proves interesting that both SNe Ib/c and SNe II share the same 
location in this plane, which suggests that the core physics of both subtypes may not be 
fundamentally different. 

When the whole sample of SNe II and SNe Ib/c is considered it seems that there is a 
continous distribution of energies below 8 foes. Within this regime it appears that SNe II 
can reach explosion energies comparable to that of the Type Ib/c SN 1997ef and SN 2002ap. 
Although the definition of hypernova is ambiguous, if SN 1997ef and SN 2002ap are included 
in this category (Nomoto et al. 2000; Mazzah et al. 2002), then at least one SN II (1992am) 
also qualifies as a hypernova. Whether the energy distribution is continuous above 8 foes 
remains to be seen when more data become available. This will permit us to understand 
if SN 1998bw belongs to a separate class of object or if it just lies at the extreme of the 
family of core collapse SNe. At the moment it is fair to say that there is only one firm 
supernovae/GRB association, and this object was clearly exceptional regarding energy and 
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nickel production within the SN context. 

6. CONCLUSIONS 

I assembled photometric and spectroscopic data for 24 SNe II-P which allowed me to 
draw the following conclusions, 

1) As previously known, I recovered the result that SNe 11-P encompass a wide range of ~5 
mag in plateau luminosities and a five-fold range in expansion velocities. I recovered the 
luminosity-velocity relation previously reported by Hamuy & Pinto (2002) which supports 
the claim that SNe II-P have a potential utihty as cosmological probes. This empirical 
relation is also supported by the theoretical models of LN83 and LN85. 

2) SNe II-P encompass a factor of 10 in nickel masses between 0.0016 (SN 1999br) and 
0.26 Mq (SN 1992am). There is clear evidence for a correlation in the sense that SNe with 
brighter plateaus and greater expansion velocities produce more nickel. 

3) There is a continuum in the properties of SNe II-P from faint, low- velocity, nickel-poor 
events such as SN 1997D and SN 1999br, and bright, high-velocity, nickel-rich objects hke 
SN 1992am. The correlations between plateau luminosities, expansion velocities, and nickel 
masses suggest that SNe II-P constitute a one parameter family. 

4) Using the theoretical models of LN83 and LN85 I derived physical parameters for a subset 
of 13 SNe. Including SN 1987A, SN 1997D, and SN 1999br from previous studies I found 
that the explosion energies vary between 0.6 (SN 1999br) and 5.5 foes (SN 1992am), the 
ejected masses encompass the range 14-56 Mq, and the progenitors' radii go from 80 to 600 

Rq. 

5) Despite the large error bars, a couple of correlations emerge from the previous analysis: 
(1) more massive progenitors produce more energetic explosions, which suggests that the 
outcome of the core collapse is somewhat determined by the envelope mass; (2) SNe with 
greater energies produce more nickel. Similar relationships appear to hold for Type Ib/c 
SNe, which suggests that both Type II and Type Ib/c SNe share the same core physics. 

I am grateful to Brian Schmidt for his thorough referee report, to John Tonry for sending 
me his code with the peculiar parametric flow model, and to Andrew McFaydcn for useful 
discussions during the preparation of this paper. I thank the Lorentz Center at Leiden 
University where 1 was able to complete a first draft of this paper. Support for this work 
was provided by NASA through Hubble Fellowship grant HST-HF-01139.01-A awarded by 
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Table 1. General Data for Type II Supernovae 



SN 


(km s ) 


Redshift 
Source 


Agal{V) 
±0.06 


B — V 
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Distance 
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1.40 




1.40 
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2407 
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0.20 


0.20 
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0-l_> J- I V li K*-* VTl LI j_> 1 
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0.30 




0.30 
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SRF TnoHH 


1988A 


1519 


2 
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2 


0.123 
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0.90 
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Table 2 


Observed Parameters for Type II Supernovae 
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Table 3. Observed and Physical Parameters for Type II Supernovae 



SN 


to tp 


Vp 


Vp Energy 


Ejected Mass 


Initial Radius References 




(JD - 2,400,000) (JD - 2,400,000) 




(±300 km s-i) (lO^i ergs) 


(Ms) 
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40550.5(5) 


40660.0(7) 
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1973R 
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1986L 


46707.9(4) 


46813.0(7) 
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1988A 
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15.04(05) 


1989L 


47650.0(15) 


47790.7(7) 


15.68(05) 


1990E 


47932.6(5) 
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16.00(20) 


1991G 
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15.07(04) 
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18.78(05) 
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15.56(05) 


1999cr 
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18.50(05) 


1999em 


51474.0(3) 


51598.0(5) 


14.02(05) 
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51474.0(3) 
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14.98(05) 



4562 


9 O+0.7 
^"^-0.6 


28+11 


204li|» 


1 


4823 


^•'-0.9 


o,+16 
■^^-12 


197+ J,f 


1 


4037 


1 q+0.5 


17+1 


417+304 

^l'-193 


1 


3537 






138+1° 


1 


2800 


1 9+0.6 


4llg 


136tii« 


1 


4552 


o 4+1.3 
•^■^-1.0 


48l?i 


162+if 


1 


3030 


1 Q+0.9 
^••^-0.6 


41+19 


70+73 
'^-31 


1 


5084 
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•^■^-1.0 


32+1? 


261+1'"'' 


1 


5097 


r. t:+3.0 
0.0_2 1 


56l|° 


586I212 


1 


2954 


1 Q+0.5 
^■•^-0.4 


42tl^ 


96tl°° 


1 


3858 


1 q+0.8 


09+14 


224+lf 


1 


3290 


1 9+0.6 


27+14 


249+_itl 


1 


3168 


^•"-0.5 


40+24 


81111° 


1 



Supernovae Prom Other Sources 



1987A ••• ■•• ■•■ ■•• 1.7 15 42.8 2 

1997D ••• ••• ••■ ••• 0.9 17 128.6 3 

1999br ••• ••• ••• ••• 0.6 14 114.3 3 



References. — 



(1) This paper; (2) Arnett (1996); (3) Zampieri et al. (2002) 
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Table 4. Physical Parameters for Type Ib/c Supernovae 



SN 


Type 


Energy 


Ejected Mass 


Nickel Mass 


References 






(10^^ ergs) 


(Me) 


(Me) 




19831 


Ic 


1.0 


2.1 


0.15 


1 


1983N 


lb 


1.0 


2.7 


0.15 


1 


1984L 


lb 


1.0 


4.4 


0.15 


1 


19941 


Ic 


1.0 


0.9 


0.07 


2 


1997cf 


Ic 


8.0 


7.6 


0.15 


2 


1998bw 


Ic 


60.0 


10.0 


0.50 


2 


2002ap 


Ic 


7.0 


3.75 


0.07 


3 



References. — (1) Shigeyama et al. (1990); (2) Nomoto et al. (2000); 
(3) Mazzali et al. (2002) . 
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Fig. 1. — Expansion velocities from Fe II A5169 versus absolute V magnitude, both measured 
in the middle of the plateau (day 50) of 24 SNe II-P. 
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Fig. 2. — (top) LTiminosity- velocity relation for 24 SNe II-P (solid points) and the 27 models 
of LN83 and LN85 (crosses), (bottom) Same as above, but for a restricted set of models 
with > 8 Mp,. 
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Fig. 3. — Mass of freshly synthesized ^®Ni versus plateau luminosity measured 50 days after 
explosion. 
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Fig. 4. — Mass of freshly synthesized ^^Ni versus expansion velocities measured from Fe II 
A5169 in the middle of the plateau (day 50). 
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Fig. 5. — Extinction corrected absolute V"-band lightcurves of the 13 plateau SNe II. The 
vertical bars indicate the end of the plateau phase for each supernova. 
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Fig. 6. — Envelope mass and nickel mass of SNe II, as a function of explosion energy. Solid 
points represent the 13 SNe II-P for which I was able to apply the technique of Litvinova 
& Nadezhin (1985). The three crosses correspond to SN 1987A, SN 1997D, and SN 1999br 
which have been modeled in detail by Arnett (1996) and Zampieri et al. (2002). The nickel 
yield for SN 1999br comes from this paper (Table 2). 
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Fig. 7. — Envelope mass and nickel mass of core collapse SNe, as a function of explosion 
energy. Solid points are the same 16 SNe II shown in Figure 6, and crosses correspond to 
the 7 Type Ib/c SNe listed in Table 4. 



